Abstract The human immunodeficiency virus (HIV), hepatitis C virus (HCV), and the treatment of HCV with pegylated interferon and ribavirin (IFN/RBV) have been associated with neurocognitive and psychiatric abnormalities. The goal of this research was to prospectively evaluate neurocognitive functioning among a group of HCV mono-infected and HIV/HCV coinfected patients during the first 24 weeks of IFN/RBV treatment while accounting for practice effects, normal variations in change over time, and variations in IFN/RBV treatment exposure. Forty-four HCV mono-infected and 30 HIV/HCV coinfected patients were enrolled in a prospective study of patients beginning on IFN/RBV for chronic HCV infection. Patients were administered a depression inventory, a measure of fatigue, a structured psychiatric interview, and a neurocognitive battery at baseline and 24 weeks after initiation of treatment. Analyses were conducted to explore possible associations between neurocognitive functioning and the following: HIV/HCV coinfection vs. HCV mono-infection, IFN and RBV treatment exposure, psychiatric status, liver disease stage, and other medical characteristics. At baseline, there were no significant differences between the two groups' neuropsychiatric or neurocognitive function other than the mono-infected group had significantly higher reports of fatigue (p = 0.033). Over the course of 24 weeks of treatment after controlling for practice effects, the HIV/HCV co-infected patients experienced significantly greater declines in memory (t(56) = 2.14, p = 0.037) and global neurocognitive functioning (t(53) = 2.28, p = 0.027). In a well-characterized sample of mono-infected and co-infected patients, it appears that persons with HIV/HCV co-infection are potentially more vulnerable to neurocognitive sequalae during HCV treatment.
Infection with hepatitis C virus (HCV) is a leading cause of liver disease and may cause a wide range of medical complications including hepatic fibrosis, cirrhosis, and hepatocellular carcinoma. Epidemiological studies suggest that approximately 2.7 million people are infected with HCV within the USA and 130-170 million worldwide (Williams et al. 2011) . Globally, of the 33 million people infected with HIV, approximately 33 % are co-infected with HCV (Averhoff and Glass 2012) . Due to similar vectors of transmission, rates of HIV coinfection are highest among patients who have a history of injection drug use or hemophilia (Koziel and Peters 2007) . HCV infection is often accompanied by neurocognitive dysfunction, depression, fatigue, and reduced quality of life (Chiu et al. 2014) , and HIV co-infection is associated with progressive liver disease, increased morbidity and mortality, and increased risk of mother to child HCV transmission. The etiology of neurocognitive dysfunction among co-infected patients is relatively uncertain given the multiple comorbidities of the patient population, side effects of medical treatments, and inconsistencies in research methods used to assess this. Historically, treatment of hepatitis C with interferon (IFN) was burdensome, complex, and often was associated neurocognitive abnormalities (Dieperink and Willenbring 2000) . With the introduction of direct-acting antiviral therapy, IFN-free regimens have become the standard of care for HCV treatment. Fatigue is the most frequently occurring side effect of direct-acting antiviral treatment for HCV (Banerjee and Reddy 2016) , and fatigue is known to be associated with neurocognitive impairment. Neurocognitive abnormalities associated with HIV and HCV infection persist, and the findings of this study remain relevant to this area of clinical concern.
Neurocognitive complications of HIV/HCV co-infection
It is well established that patients with HIV infection experience numerous central and peripheral nervous system deficits (Heaton et al. 2010a; Heaton et al. 2010b) . It stands to reason that patients with HIV/HCV co-infection may experience exacerbated neurocognitive impairments due to the additive effects of HIVand HCV infection. However, the literature on the neurocognitive effects of HIV/HCV co-infection is somewhat equivocal. Several studies suggest that HIV/HCV co-infection has an additive effect on neurocognitive impairment compared with HIV mono-infection (Giesen et al. 2004; Martin et al. 2004; Ryan et al. 2004; Clifford et al. 2005; Hinkin et al. 2008) . For example, one cross-sectional study by Clifford et al. (2005) demonstrated that HIV/HCV co-infected patients performed significantly worse on global neurocognitive functioning and had higher rates of depression compared to HIV mono-infected patients. In contrast, other studies do not support these findings (Giesen et al. 2004; Ryan et al. 2004; Hilsabeck and Castellon 2005; Perry et al. 2005) . One crosssectional study by Ryan and colleagues (2004) found no significant differences between mono-infected and co-infected patients on domain-specific functioning; however, the coinfected group had poorer performance on a measure of executive functioning (the Wisconsin Card Sorting Test (WCST)). Another cross-sectional study examining neurocognitive functioning among HIV mono-infected, HCV mono-infected, and HIV/HCV co-infected patients found that co-infection was only associated with prolonged reaction time (Giesen et al. 2004 ). Conversely, a cross-sectional study examining HIV/HCV co-infected and mono-infected patients found that HCV mono-infected patients had deficits in attention, concentration, and psychomotor speed (compared to normative samples) but did not find significant differences between monoinfected and co-infected patients, after controlling for liver disease severity (Perry et al. 2005) . To contextualize these findings, Hilsabeck et al. (2005) conducted a secondary analysis of data from Hinkin et al. (2004) and found that 80 % of co-infected patients and 68 % of the HIV mono-infected patients were classified as impaired. Further examination revealed that this difference between the groups was largely attributable to psychomotor slowing with 84 % of the coinfected group and 56 % of the mono-infected group being classified as significantly impaired. Common methodological weaknesses of the discussed studies include limited neurocognitive batteries, small sample sizes, and crosssectional design.
Treatment of HCV with interferon and ribavirin
IFN is an endogenous cytokine prescribed for the treatment of malignant diseases as well as viral hepatitis C. Historically, combining IFN alpha (IFN-α) with ribavirin (RBV) had sustained viral response (SVR) 10-40 % of the time (McHutchison et al. 1998; Poynard et al. 1998; Schaefer et al. 2007 ). The advent of pegylated IFN in 2001 (pegylated IFN alpha-2a and pegylated IFN alpha-2b) caused a much longer half-life, allowing for reducing injections to only one time a week. Additionally, when used in combination with RBV, SVR increased to 51-82 % (Schaefer et al. 2007 ). Side effects experienced by many patients treated with IFN-α include developing flu-like symptoms 6-8 h post injection (Dieperink and Willenbring 2000) . Conversely, neurocognitive decline, fatigue, apathy, and other behavioral symptoms commonly develop several weeks after treatment (Dieperink and Willenbring 2000) and are generally more chronic in nature. The etiology of the neurocognitive sequelae associated with IFN/RBV treatment include depression, neurocognitive irregularities, psychosis, irritability, fatigue, somatic complaints, suicide ideation, and relapse in alcohol and drugs (Schaefer et al. 2002; Asnis et al. 2004 ). Many of these adverse symptoms are already postulated to be caused by the disease itself (Forton et al. 2002; Hilsabeck et al. 2002; McAndrews et al. 2005; Forton and Taylor-Robinson 2006) and further exacerbated due to treatment with IFN and RBV (Fried 2002; Hilsabeck and Hassanein 2005; Reichenberg et al. 2005; Lieb et al. 2006; Tanaka et al. 2006; Thein et al. 2007; Majer et al. 2008; Pawelczyk et al. 2008; Wobrock et al. 2008) .
Multiple longitudinal studies have found associations between IFN/RBV treatment and neurocognitive dysfunction, (Hilsabeck and Hassanein 2005; Majer et al. 2008) , whereas some studies have observed neurocognitive decline return to normal upon treatment completion (Kraus et al. 2005; Fontana et al. 2007) , and others have not found a clear association between IFN treatment and cognition (Reichenberg et al. 2005) . A study by Huckans et al. (2015) examined neurocognitive functioning over 6 months in a group of 64 HCV mono-infected patients: of those, 33 were treated with IFN/RBV, and 31 were not treated. The treated group experienced increased symptoms of depression, fatigue, anxiety, and pain but experienced no significant changes in neurocognitive function. The longitudinal studies mentioned suggest that there may be a relationship between IFN treatment and poorer neurocognitive functioning; however, these studies do not address HIV co-infection as a risk factor for neurocognitive decline nor do they adequately control for practice effects related to neurocognitive functioning.
Until the development of direct-acting antiviral agents, IFN and RBV were used for the treatment of HCV. Although IFN is no longer used to treat HCV, IFN remains today a treatment option for multiple sclerosis and various cancers including leukemia and melanoma (Calabresi et al. 2014; Mohr et al. 2015; Bohn et al. 2016) . Additionally, IFN and RBV may be used in combination for the treatment of special cases of human papillomavirus (HPV) infection (Pavan et al. 2007; Shrestha and Hamrock 2010; Mosa et al. 2014) . Thus, the findings of this study may have clinical implications for the treatment of other diseases.
To date, only one study conducted by Cattie et al. (2014) has accounted for practice effects for HCV mono-infected patients undergoing treatment with IFN-RBV. Cattie et al. (2014) assessed psychiatric and neurocognitive functioning among 40 mono-infected patients undergoing treatment with IFN-RBV at 10 weeks, 6 months, 12 months, and 18 months after treatment initiation. Utilizing methods by Heaton et al. (1994) neurocognitive domains were averaged to create a global deficit score. Patients scoring above 0.5 were categorized as globally impaired. After controlling for practice effects at 10 weeks post-treatment initiation, the frequency of global neurocognitive impairment significantly increased from 22.5 to 47.5 % and patients infected with genotype 1 and pre-existing depression had the most significant increase in impairment. However, this study only included HCV mono-infected patients. Additionally, only one study by Thein et al. (2008) longitudinally examined SVR and global neurocognitive functioning among 15 HIV/HCV co-infected and 19 HCV mono-infected patients at 0, 24, and 48 weeks of IFN-RBV treatment. Thein and colleagues found SVR rates to be similar among the groups, and the co-infected group performed significantly better on global functioning at 48 weeks. However, this study did not address practice effects and had a relatively small sample size which may have limited the power to detect differences in neurocognitive functioning.
Present study
The goal of this study was to examine neurocognitive functioning of HCV mono-infected vs. HIV/HCV co-infected patients over the first 24 weeks of IFN-RBV treatment while addressing practice effects and variations in IFN-RBV treatment exposure over time. We hypothesized that there would be significantly detectable neurocognitive deficits in both groups at baseline, but the HIV/HCV co-infected group would demonstrate significantly worse neurocognitive decline than HCV mono-infected group at 24 weeks post baseline, independent of virologic response, depression, fatigue, and liver disease severity.
Methods Participants
Participants were enrolled in a study at a large academic medical center and Veterans Administration Hospital in New York City examining the longitudinal changes in depression and neurocognitive functioning across three time points (0, 12, 24 weeks) in HCV mono-infected patients and HIV/HCV co-infected patients during the first 24 weeks of treatment with pegylated IFN/RBV. In total, 102 patients were consented and then screened for inclusion criteria. Of those 102, 24 were screened and deemed ineligible to participate in the study (see Fig. 1 ). Participants were selected for this study if (1) they were infected with chronic HCV, (2) they had not received prior treatment with pegylated IFN/RBV, (3) clinician and patient had decided to begin pegylated IFN/RBV therapy within the next 2 months, (4) were above the age of 18 at the time of study, and (5) their primary language was English. Eligible participants included in this analysis were 74 mono-infected HCV (n = 44) or HIV/HCV (n = 30) coinfected patients. The four patients were excluded from the total sample for these analyses due to the following reasons: missing neurocognitive data at baseline, lack of HCV treatment outcome data, or neurocognitive tests being administered in French or Spanish. This study was approved by the Icahn School of Medicine at Mount Sinai and Bronx Veterans Administration Medical Center institutional review boards, and all patients consented prior to completing baseline evaluation and subsequent treatment. Patients were compensated $30 for their baseline visit and $20 for the 24-week visit.
Treatment design
All patients completed the baseline assessment approximately within 2 weeks prior to beginning pegylated IFN/RBV treatment, including all of the assessments described below. The mean initial dose of pegylated IFN was 168 mg per week (SD = 29), and RBV was 1067 mg per day (SD = 176). Based on HIV status and HCV genotype, 13.5 % of patients were planned to be on 24 weeks of treatment and 86.5 % of patients were planned to be on 48 weeks of treatment. Patients were then assessed again at 12 and 24 weeks after beginning treatment. Of the original 74 patients, 68 patients completed assessments at the 12-week visit, and 64 patients completed assessments at the 24-week visit.
Demographic, medical, and clinical characteristics Demographic and medical characteristics All patients completed a brief demographic survey at the baseline assessment (e.g., age, gender, years of education). All patients' medical history was abstracted from hospital medical records in association with HIV (i.e., CD4 count (a measure of immune function) and HCV-related treatment variables (i.e., liver biopsy, cirrhosis status, platelets, hemoglobin, albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin direct, bilirubin total HCV RNA, and liver disease stage). All patients were chronically infected with HCV as indicated by medical record documentation of HCV RNA at least 1 year prior to study enrollment. Liver staging was ascertained either through biopsy or clinical diagnosis of cirrhosis. Lifetime medical diagnoses were also abstracted (diabetes, obesity, hypertension, and pulmonary disease).
Clinical characteristics Depressive symptoms were assessed using the Beck Depression Inventory II at baseline, 12 weeks after starting treatment, and 24 weeks after starting treatment (Beck et al. 1996) . For this study, the BDI-II Fast Screen (BDI-II FS) was used to minimize the impact of somatic complaints associated with chronic illnesses such as HIVand HCV (Aaron 2000; Krefetz et al. 2004 ). The BDI-II FS has shown to have good internal consistency and cutoff scores of 4 and higher sensitively detect mood disorders. Additionally, the BDI-FS has also been found to be minimally correlated with age, ethnicity, sex, and specific medical diagnoses, thus making it a sensitive and accurate tool for reliable assessment of depressive symptoms among persons with chronic illness (Beck et al. 1996; Mindt et al. 2014 ). In addition, both past and current psychiatric and substance use disorders were evaluated by a trained research coordinator using the Structured Clinical Interview for DSM Disorders (SCID) at the baseline visit. Fatigue symptoms were assessed using the Fatigue Severity Scale (Krupp et al. 1989 ) (FSS) at baseline, 12 weeks after starting treatment, and 24 weeks after starting treatment. The FSS is a nine-item scale validated for the use of patients with HCV and other chronic illnesses (Kleinman et al. 2000) . Change scores were computed for both depression and fatigue to assess differences between baseline and 24 weeks and baseline.
IFN/RBV treatment exposure
Length of treatment completed and any dose reductions of pegylated IFN or RBV during treatment were recorded for all patients from the medical chart. Combined with these two measurements, self-reported adherence to pegylated IFN and RBV was assessed and used to calculate cumulative drug exposure for each participant at weeks 12 and 24. The calculation of the IFN and RBV treatment exposure variables was calculated utilizing the following three components: (1) drug persistence-the number of weeks on treatment, (2) drug adherence-percentage of prescribed doses self-reported as taken, and (3) dose reductions (Weiss et al. 2009 ).
Neurocognitive assessment
Neurocognitive function was assessed using a battery of tests, which measure neurocognitive domains suspected to show deficits in HCV-infected and HIV-infected populations. All patients completed a detailed neuropsychological test battery administered and scored by trained research staff using standardized procedures (Woods et al. 2004) . Alternate forms of the verbal learning/memory test (Hopkins Verbal Learning Test-Revised (HVLT-R)) (Brandt 1991) were used for the follow-up neurocognitive assessments. Table 1 summarizes the 45-min battery, which consists of measures assessing the following six ability domains: processing speed, learning, memory, executive function, verbal function, and motor function. Raw scores were converted into demographically corrected T scores. To evaluate the rates of neurocognitive impairment across domains, domain average T scores were derived from the mean T scores of the individual tests in that particular domain, and the global neurocognitive average T score is the mean of all individual neurocognitive test T scores. Neurocognitive global and domain average T scores below 40 are considered impaired (Woods et al. 2004) .
In order to assess change in neurocognitive functioning across the study visits (baseline and 24 weeks), we utilized Cysique and colleagues' (2011) regression-based change score approach in order to assess change while accounting for practice effects on neurocognitive functioning. For the purpose of the current study, we report on the neurocognitive data from baseline and 24 weeks in order to describe the cumulative impact of the course of the first 24 weeks of treatment.
Statistical analysis
This study used cross-sectional data and prospective longitudinal data (both within group and between groups). The study sample was described using descriptive statistics and frequencies, then analyzed for differences using independent t tests and Pearson chi-squared tests. Initial group comparisons were performed for baseline neurocognitive data between HCV monoinfected and HIV/HCV co-infected patients. Independent sample t test and chi-squared analyses were used to determine if differences observed in baseline neurocognitive performance between mono-infected and co-infected patients were significant and if other variables contributed to observed differences. The non-parametric Wilcoxon's signed-rank test was used to compare baseline and follow-up lab values.
For longitudinal analyses, normative data published by Cysique et al. (2011) were used to generate z scores for each of the ten neurocognitive tests. The resulting z scores indicate how well or poorly the groups did at 24 weeks relative to a neurocognitively stable control based on age, education, gender, ethnicity (Caucasian vs. others), and practice effects (Cysique et al. 2011 ). These z scores were then averaged to create summary regression-based change scores (sRCS) for six neurocognitive domains and global neurocognitive functioning at 24 weeks (Heaton et al. 2015) .
A series of bivariate analyses were conducted in order to identify whether any demographic factors, clinical characteristics, or treatment exposure to IFN or RBV were potential covariates. Of note, there were three treatment variables, including total weeks on treatment (continuous variable), and two dichotomous treatment exposure variables were created with a cut point of ≥80 % exposure to either IFN or RBV. To be included as a covariate, the variable must have been significantly different between the HCV mono-infected and HIV/ HCV co-infected groups (p < 0.05) and significantly correlated with the sRCS variable (p < 0.05). In order to examine the study hypotheses, a series of independent t test or ANCOVA analyses (if covariates were included) were computed to compare sRCS scores between the HCV mono-infected and HIV/ HCV co-infected groups to determine if significant change occurred between groups from baseline to the 24-week visit. All analyses were conducted with SPSS 22 (Statistical Package for Social Sciences for Windows 2015).
Results
Demographic, medical, and clinical characteristics As Table 2 illustrates, there were no significant differences at baseline between the HCV mono-infected and HIV/HCV co-infected groups in age, gender, estimated premorbid intelligence (via the Wide Range Achievement Test), or ethnicity. However, the HCV mono-infected group had significantly more years of education than the HIV/HCV co-infected group t(72) = 2.05, p < 0.04. Table 3 summarizes the sample's clinical and medical characteristics at baseline. The HCV mono-infected group had a significantly higher rate of current psychiatric disorders (52.3 vs. 20.0 %, respectively; χ 2 (1, n = 74) = 7.80, p = 0.005) than the HIV/HCV co-infected group, but the groups did not differ on lifetime psychiatric disorders. Table 3 also illustrates the medical characteristics of the two groups. The mono-infected group had significantly higher rates of hypertension (59.5 vs. 25.0 %, respectively; χ 2 (2, n = 65) = 7.66, p = 0.010). Conversely, the HIV/HCV co-infected group had higher rates of pulmonary disease (26.7 vs. 9.1 %, respectively; χ 2 (2, n = 56) = 9.61, p = 0.008). Liver staging was established for 63 of 74 patients either by liver biopsy (n = 59) or clinical diagnosis of cirrhosis (n = 4). There were no clinically significant differences between the groups for platelets, hemoglobin, albumin, ALT, AST, bilirubin direct, bilirubin total, HCV Normative data corrects for the following demographic characteristics indicated by superscript number: age (1), education (2), gender (3), and race (4) There were no significant differences in virologic suppression at either time points.
Neurocognitive function and change Table 4 presents average T scores for global and domain neurocognitive functioning, fatigue, and depressive symptomology at baseline and 24 weeks for descriptive purposes. There was no significant relationship found between baseline psychiatric variables (SCID, FSS change scores, BDI-FS change scores) and neurocognitive change. The only neurocognitive domain on which the two groups differed was memory at 24 weeks, with the HIV/HCV co-infected group being more impaired than the HCV mono-infected group (p = 0.02). More specifically, at baseline, the HIV/HCV co-infected group's memory functioning fell within normal limits, but at 24 weeks declined to the mildly impaired range. There were no differences between the groups on baseline and 24 weeks on depression scores. Although the groups did significantly differ at baseline on fatigue (p = 0.03) with the mono-infected group experiencing a significantly higher rate of fatigue than the HIV/HCV coinfected group, the groups did not significantly differ at 24 weeks (p = 0.07). Correlational analyses demonstrated that fatigue was not related to neurocognitive functioning at baseline (all ps > 0.05). Before assessing group differences on sRCS scores, we conducted either chi-squared or t tests to assess whether demographic, clinical, and medical characteristics that were significantly different among the groups were related to sRCS scores. There were no significant relationships found between education, hypertension, pulmonary disease, current psychiatric disorders, lab values, and the sRCS scores, and thus, these variables were not included as covariates.
In order to test our hypotheses regarding the impact of HIV/HCV co-infection status (mono-infected vs. co-infected) on neurocognitive change while controlling for practice effects, we computed a series of independent sample t test analyses to comapare the groups' sRCS scores. Shown in Table 5 , the results revealed that the HIV/HCV co-infected group demonstrated significantly greater decline in memory functioning (t(56) = 2.14, p = 0.04) and overall global functioning (t(53) = 2.28, p = 0.03) during the study period, with large effect sizes noted (Cohen's ds = 0.55 and 0.61, respectively). No other significant differences were observed (all ps > 0.05).
In order to assess if the decline in CD4 among the coinfected group impacted neurocognitive functioning, an independent t test was conducted to evaluate if there was a relationship between the individuals who did decline and the sRCS scores. Within the co-infected group, decline in CD4 count was associated with poorer speed of information processing at 24 weeks (non-decliners, M = 0.48, SD = 0.82; and decliners, M = −0.38, SD = 0.91) t(21) = 2.32, p = 0.03. Conversely, CD4 decline was inversely related to higher performance on motor functioning at 24 weeks (non-decliners, M = −0.89, SD = 0.61; and decliners, M = −0.28, SD = 1.08) t(20) = −3.26, p = 0.04.
Lastly, of the 22 who achieved SVR by week 24, the coinfected group scored significantly worse on learning (M = −1.02, SD = 2.22 vs. M = 0.98, SD = 1.02, respectively, t(14) = 2.42, p = 0.03), memory (M = −11.04, SD = 9.35 vs. M = −1.46, SD = 8.01, respectively, t(14) = 2.21, p = 04), and global functioning (M = −2.67, SD = 2.01 vs. M = −0.52, SD = 1.73, respectively; t(14) = 2.31, p = 03).
Treatment exposure In order to better characterize our sample and contextualize our findings regarding coinfection status, we examined treatment exposure. Seven mono-infected and three co-infected patients who were otherwise eligible were lost to follow-up and were not included in these analyses; however, this did not differ significantly between the groups with (15.9 vs. 10 %, respectively; χ 2 (2, n = 74) = 0.533, p = 0.47).
As shown in Table 6 , there were no significant differences between weeks on treatment between the mono-infected vs. co-infected groups. Between baseline and 24 weeks, there were also no significant differences between the percentages of mono-infected vs. co-infected groups who achieved ≥80 % treatment exposure to either IFN or RBV (all ps > 0.10). There was also no significant difference between sustained virologic response (SVR) achieved by each group: 31.8 % of the monoinfected group and 26.7 % of the co-infected group (p = 0.63). As Fig. 1 illustrates, at 24 weeks, 49 patients were still on treatment, 65.1 % of the mono-infected group, and 66.7 % of the co-infected group χ 2 (1, n = 74) = 0.005, p = 0.95). For the entirety of the study, 35 patients completed the entire course of treatment and a total of 22 reached SVR. Lastly, we computed a series of independent sample t test analyses comparing treatment status groups (≥80 vs. <80 % exposure), regardless of co-infection status, on the neurocognitive sRCS scores. There were no significant differences observed based on IFN or RBV treatment exposure (all ps > 0.05). However, the Cohen's d effect sizes indicate moderate effects for excecutive functioning (in both IFN and RBV exposure; ds = −0.38 to −0.42, respectively), learning (IFN exposure; 
Discussion
The current study prospectively examined the neurocognitive function of HCV mono-infected and HIV/HCV co-infected patients treated with pegylated IFN/RBV over a 24-week course to assess whether HIV co-infection would increase risk of neurocognitive decline among HCV-infected patients undergoing IFN/RBV treatment. A secondary aim of this study was to provide a fine-grained analysis of pegylated IFN/RBV treatment exposure and whether it was associated with neurocognitive change. Our study identified HIV coinfection as a significant risk factor for neurocognitive decline longitudinally. Specifically, at baseline, there were no significant differences in neurocognitive functioning between the mono-infected and co-infected groups. However, over the course of 24 weeks of HCV treatment, HIV/HCV coinfection significantly predicted neurocognitive decline in memory and global functioning-even after accounting for practice effects. Although the mono-infected group reported significantly more fatigue at baseline, there were no betweengroup differences in fatigue at 24 weeks. Moreover, fatigue was not associated with neurocognitive decline. In terms of treatment exposure for all patients, regardless of co-infection, we found that greater treatment exposures was associated with moderate effect sizes in the domains of executive functioning, learning, and memory, such that greater treatment exposure was associated with less neurocognitive decline. It is not surprising that HIV/HCV co-infected group did worse on neurocognitive functioning considering that it is well established that both HIV mono-infection and HCV co-infection are associated with neurocognitive decline. Therefore, it could be inferred that HIV/HCV co-infection synergistically increases neurocognitive decline when challenged by IFN/RBV treatment. Several explanations have been postulated to explain the potential neuropathological mechanisms of HIV/HCV co-infection. As Hinkin et al. (2008) notes, HCV has been recovered in cerebrospinal fluid and infects the same monocytes and macrophages of the same cells that are a target of HIV, suggesting similar mechanisms of neuropathogenesis. Another shared similarity in viral pathology between HIV and HCV is that in both viruses, there is an association between macrophage expression of pro-inflammatory cytokines which can contribute to neural degeneration (Gill and Kolson 2014) and perhaps increase likelihood of neurocognitive decline. Additionally, one cross-sectional study from the CHARTER group utilizing structural MRI methods found that HIV/HCV co-infected subjects had greater loss of white matter in the brain compared to HIV mono-infected subjects (Jernigan et al. 2011) .
The primary clinical implication of this study is that it presents evidence that HIV/HCV co-infected patients are at significantly greater risk for decline in memory and global neurocognitive functioning compared with HCV monoinfected patients while undergoing HCV treatment (in this case 24 weeks of treatment with pegylated IFN/RBV). HCV mono-infected and HIV/HCV co-infected groups had similar percentages of dosage exposure to IFN and RBV; therefore, observed neurocognitive function differences were not due to different dose exposure. This finding highlights the need for care providers to monitor the neurocognitive functioning of their HIV/HCV co-infected patients closely during HCV treatment by including baseline neurocognitive screening and longitudinal assessment. Should patients demonstrate incident neurocognitive decline, they may consider the need for potential medication adherence interventions and/or assistance with developing compensatory strategies to cope with any neurocognitive declines.
Our study is unique and extends the prior literature in two important ways. First, this study addresses major limitations of the previous longitudinal neurocognitive studies noted above. Few studies have taken into account naturally occurring change and practice effects on repeated neurocognitive test performance, which is a possible explanation of the diverging findings for past studies on both HIV/HCV coinfection (Giesen et al. 2004; Ryan et al. 2004; Clifford et al. 2005; Hilsabeck and Castellon 2005; Hinkin et al. 2008 ) and pegylated IFN/RBV treatment studies (Fried 2002; Hilsabeck and Hassanein 2005; Fontana et al. 2007; Wobrock et al. 2008; Fontana et al. 2010; Group et al. 2014; Huckans et al. 2015) .
We controlled for practice effects by adopting the standard regression-based approach, which utilized norms for change (McSweeny et al. 1993; Hinton-Bayre 2010a; Maassen 2010; Hinton-Bayre 2010b; Cysique et al. 2011) . In doing so, the current study provides a more accurate representation of neurocognitive change over the course of treatment. One final methodological strength of this study, which was not addressed in previous studies, is that it took into account the proportional amount of prescribed IFN/RBV each individual receives given the frequent occurrence of dose reductions, early treatment discontinuation, and patient missed doses. Although neurocognitive measurements were done at set time points, some patients could exhibit other non-neurocognitive related side effects resulting in the treating physician decreasing the dosage of IFN or RBV instead of simply stopping therapy. Since proportion of prescribed drug actually received can contribute to within-group variance, we treated it as a variable in the analyses. Second, this study offers an exceptionally well-characterized sample with a granular analysis of treatment exposure, as well as clinical and psychiatric variables, in order to better contextualize the impact of HIV/HCV co-infection status. Given the methodological advances provided in this study, it is clear that coinfected patients are at increased risk for declines in memory and global neurocognitive functioning compared to their mono-infected counterparts.
Although this study addresses limitations of several previous studies, there are still some important limitations that merit discussion. First, it is important to note that our present findings cannot conclusively determine the etiology of neurocognitive dysfunction considering the methodology of the present study. The present study did not employ advanced brain imaging techniques alongside our methods to better understand the neural underpinnings of the current findings. The size of our sample also could have limited power for between-subject analyses. Additionally, this study did not assess whether neurocognitive decline sustained or improved upon treatment discontinuation. Past research (e.g., Fontana et al. 2007 Fontana et al. , 2010 ) leads us to assume that upon the discontinuation of IFN/RBV treatment, neurocognitive functioning would likely be improved. Lastly, the introduction of direct-acting antiviral therapy for the treatment of hepatitis C has dramatically transformed the treatment of HCV among both monoinfected and co-infected patients such that IFN is no longer used. Fatigue does however remain the most frequently occurring side effect of direct-acting antiviral treatment for HCV (Banerjee and Reddy 2016) , and fatigue is known to be correlated with neurocognitive impairment. We assert that these study findings are relevant and informative for the larger literature on the impact of co-infection with HIV and HCV on neurocognitive functioning. Our findings suggest that co-infected patients may be at increased risk for neurocognitive decline compared to mono-infected patients and that care providers should carefully monitor neurocognitive status in order to address patient needs and provide support and resources accordingly.
